The application of rapidly solidified Ti-rich TiAl alloy powders to bonding technique has been proposed. The alloy powders are produced by plasma rotating electrode process (PREP). Among them, the powders (denoted as M powders) having surface relief of martensitic phase are used as an interlayer of the joint. The bonding of two Ti-50 mol%Al alloy disks was performed at 1273 K for 0.6 ks under 1.9 kN using the M powders of Ti-40 mol%Al alloy. Since the M powder shows superplasticity-like deformation, there are no defects such as void and oxide film in the bonding interface and the powders in the interlayer are indistinguishable. It is also confirmed that the bonding strength of the obtained joint increases notably by the use of the powder interlayer. Consequently, the bonding of the TiAl disks is achieved well by the excellent deformation behavior of the M powder even at relatively lower temperature and shorter holding time.
Introduction
The TiAl intermetallic compound has been an important candidate as high temperature structural material in the aerospace and automobile industries because of its low density and high strength at elevated temperature. However, its poor ductility at room temperature, low fracture toughness and poor workability limit the practical use of this material. To overcome these disadvantages, alloy design and microstructural control have been investigated extensively with the judicial choice of a processing technique for industrial applications. The powder metallurgy process, which is an excellent technology to manufacture near-net-shaped parts, is an attractive alternative to produce such a material. This process has been applied using TiAl powders produced by PREP and mechanical alloying. 1, 2) The PREP is one of the production methods of rapidly solidified Ti base alloy powders. Characteristically, the obtained powder has uniform spherical shape and is rather free from impurity elements. Figure 1 shows surface views of PREP Ti-40 mol%Al powders observed by scanning electron microscopy (SEM). The powders are divided into two types by their surface morphology. Figures 1(b) and (c) are enlarged SEM micrographs of powders B and C in Fig.  1(a) . The former shows a surface relief similar to martensitic transformation, while the latter has a dendritic structure. These powders are denoted as M and D respectively. These microstructures were examined by transmission electron microscopy (TEM) and are briefly summarized as follows.
3)
The M powder consists of twin-related 2 (Ti 3 Al) lath platelets, while the D powder consists of a single phase of 2 with no microstructure other than grain boundary. The difference in the compactibility of the M and D powders were established when they were compacted by vacuum hot pressing.
3) The M powder shows the excellent compactibility at elevated temperatures. This interesting feature has a beneficial effect on the improvement of relative density in the resultant product on the powder metallurgy process. In other words, there is a possibility that the compact consisting only of the M powder is easily densified and shows high relative density. However, it is difficult to make such a compact at the present time, since the proportion of the M powder in the PREP powders is only 40% at the maximum and no automatically selecting tool of the M and D powders has been developed yet. Hence, the application of the M powder to interlayer material in bonding technique of the TiAl intermetallic compound is proposed from the viewpoint of insitu sintering bonding. This does not require a large quantity of M powders. In additon, it is expected that the deformability of the M powder is utilized effectively like superplastic diffusion bonding, which is one of hopeful bonding techniques for metals and ceramics.
4) The advantage of the bonding process using superplasticity is that the sound joint having high bonding strength is obtained in the condition of relatively lower bonding temperature and shorter holding time. The present paper aims to evaluate quantitatively the deformation behavior of the PREP TiAl powder and to discuss the effectiveness of the proposed technique on the basis of bonding strength and interfacial microstructures.
Experimental Procedures
Rapidly solidified Ti-40 and 45 mol%Al powders used were produced by PREP in helium atmosphere. These powders with about 250 mm in average diameter were classified into M and D powders by optical microscopy according to their surface morphology as mentioned above. Ti-50 mol%Al alloy disk and SiC ceramic block were also used. The dimensions of these materials were 5 mm in diameter Â2:5 mm thick and 7 mm Â 7 mm Â 5 mm, respectively. Their bonding surface was finished with #1200 emery paper. Before bonding treatment, all materials were cleaned by degreasing in acetone using ultrasonic apparatus and dried with hot air. Figure 2 shows schematic illustrations of experimental assembly. The assembly shown in Fig. 2(a) was used to evaluate the compactibility of the PREP TiAl powder. Nine M powders and sixteen D powders were arranged and fixed between the TiAl disk and the SiC block. This assembly was heated at 1073 to 1273 K for 0.6 ks under 1.2 and 1.9 kN load using vacuum hot pressing apparatus. The load was applied when the specimen reached the specified holding temperature. In the present study, the applied load is described instead of bonding pressure as it is difficult to measure accurately the area of the powders affixed on the TiAl disk. On the other hand, a schematic illustration of experimental assembly for joining is shown in Fig. 2(b) . A total of fortyeight M powders were used as an interlayer. The powders were fixed between two TiAl disks, and then the bonding was carried out using the same vacuum hot pressing apparatus. For comparison, the joint without the intermediate powder layer was also prepared.
The specimens were cut perpendicular to the interface to reveal the microstructural aspects. The cross sections were ground with emery papers and then finished with alumina powders. After etching, they were examined by optical microscopy and SEM. The specimens for TEM observations were prepared from slices of about 0.1 mm in thickness, which were obtained by cutting and grinding of the joint. Disks of 3 mm in diameter containing the bonding interface were made from the slices by ultrasonic cutting tool and finished with an argon ion beam milling machine. Accelerating voltage on TEM observations was 200 kV. Bonding strength of the obtained joints was evaluated at room temperature by shear test, which was performed at a crosshead speed of 8:3 Â 10 À3 mm/s using Instron type tensile machine equipped with a special gripping device.
Results and Discussion

Deformation behavior of PREP powders
To investigate the deformation behavior of PREP TiAl powders, nine M powders and sixteen D powders were fixed between TiAl disk to SiC block and heat treated using vacuum hot pressing apparatus. Figure 3(a) shows an external view of the PREP Ti-40 mol%Al powders after hot pressing at 1273 K for 0.6 ks under 1.9 kN. Since the joining of the powders to the SiC block is not achieved under this condition, the substrate in the Fig. 3(a) is the TiAl disk. In the M powder, the circular shape is retained without any cracks and its diameter is larger than that of as-received powder. Though the powders were arrayed at regular intervals of about 0.7 mm before hot pressing, the plastic deformation of the M powder leads to the contact with each other. However, the D powder fragments and exhibts irregular shape. This means that its compactibility is inferior to that of the M powder. Figures 3(b) and 3(c) show cross sectional views of the M powder after hot pressing at 1073 and 1273 K for 0.6 ks under 1.9 kN, respectively. The M powder in Fig. 3(c) is equal to that in Fig. 3(a) . The upper and lower sides in both photographs correspond to the resin and the TiAl disk. The M powder is deformed from spherical shape to thin disk without any cracks. The contact area between the M powder and the TiAl disk also increases with increasing holding temperature. When the initial diameter of the powder is 250 mm, it is estimated that the lateral elongation of the hot pressed M powder is 144% at 1273 K. Figure 4 shows the effect of alloy composition, holding temperature and applied load on the deformation behavior of the M powder. The compactibility is evaluated by the ratio of the horizontal to vertical lengths in a deformed powder. These lengths are denoted by 'a' and 'b' in the figure, respectively. The value of 'a=b' ratio increases with holding temperature and applied load, and the compactibility of Ti-40 mol%Al powder is superior to that of Ti-45 mol%Al powder. In other words, the M powder of Ti-40 mol%Al shows the highest 'a=b' ratio by hot pressing at 1273 K for 0.6 ks under 1.9 kN.
The deformation behavior of PREP TiAl powders described above is closely related to the decomposition of their constituent phase at elevated temperatures. The authors have reported earlier
3) that 2 þ (TiAl) microduplex and 2 = lamellar structures are formed in the M and D powders of the Ti-40 mol%Al alloy by heat treatment at 1273 K, respectively. Furthermore, grain boundary sliding in the former structure has been found to be a predominant deformation mode in the M powder during hot pressing. Therefore, it is concluded that the excellent deformability of the M powder is due to the grain boundary sliding in the 2 þ microduplex structure. Since the phase decomposition process varies with chemical composition of the powder and holding temperature, it is considered that the influence of these factors is reflected in the results shown in Fig. 4 . Consequently, the deformation behavior of the M powder, which shows the elongation of more than 100%, can be regarded as superplasticity-like deformation. Figure 5 shows SEM micrographs of the interface between the M powder and the TiAl disk. The used M powder is Ti-40 mol%Al alloy, and the specimens are hot pressed at 1173 and 1273 K for 0.6 ks under 1.9 kN. Although the load to deform the M powder is applied at those temperatures and the holding time of 0.6 ks is too short, the M powder is joined well to the TiAl disk in both cases. According to the reports of Nakao et al. 5) and Masahashi et al., 6) it is predicted that defects such as void and oxide film exist at the interface in the present experiments. The void corresponds to unbonded area in the initial interface, and the oxide film is generated by contamination on contact surface. However, no void and no oxide film remaining at the interface are observed on a SEM scale. These facts indicate that the plastic deformation of the M powder contributes greatly to the promotion of the adhesion with the TiAl disk. This is similar to the features for superplastic diffusion bonding as mentioned above. Therefore, it is expected that the use of the M powder as an interlayer for joining serves to improve bondability of TiAl intermetallic compound. Figure 6 shows an optical micrograph of the interface in the joint consisting of two TiAl disks and forty-eight M powders. Chemical composition of the M powder is Ti-40 mol%Al. This specimen whose stacking sequence is shown in Fig. 2(b) is bonded at 1273 K for 0.6 ks under 1.9 kN using vacuum hot pressing apparatus. W wires are used to prevent the region without powders from bonding. White area showing lenticular shape is the interlayer formed by forty-eight M powders. This interlayer is densified well and each powder is difficult to be recognized, though the load to deform the powders was applied at 1273 K. The contact surface of two TiAl disks, which is plane before bonding, is deformed along the powder interlayer. However, no defect is observed even in triple point formed inevitably between two powders and parent material, which is a difficult spot to densify. 7) The interface between the interlayer and the TiAl disk is also investigated by TEM as presented in Fig. 7 . The left side is M powder and there is bonding interface between two big arrows. The microstructure of the M powder, which consists of twin-related 2 lath platelets before bonding, changes to 2 þ microduplex structure.
Interfacial microstructure and bonding strength of TiAl/TiAl joint with M powder interlayer
3) The grain size in the microduplex structure is about 0.2 to 1 mm and shows a tendency to be smaller in the vicinity of the interface. No void and no oxide film are also observed at the interface on a TEM scale. On the other hand, white zone along the interface was identified as phase by electron diffraction. Dislocations marked with double arrow are seen in this zone. The introduction of these dislocations may be related to the deformation of the TiAl disk, that is to say, the curving interface shown in Figs. 6 and 7. In some areas in the powder interlayer, the deviation form orientation relationship between 2 and was confirmed and was thought to be one of evidences that the grain boundary sliding occurred in the M powder during bonding treatment.
3) Figure 8 shows the bonding strength of the TiAl/TiAl joint with the M powder interlayer. Two kinds of the M powders, which are Ti-40 and 45 mol%Al alloys, are used. Bonding is Superplasticity-like Behavior of Rapidly Solidified Ti-rich TiAl Powders and its Application to In-situ Sintering Bondingperformed at 1273 K for 0.6 ks under 1.9 kN using vacuum hot pressing apparatus. Since the accurate measurement of bonding area is very difficult, the area is estimated using both packing state of the powders before bonding and fracture surface after shear test. Maximum and minimum diameters of each area are measured using their photograph, and area of a circle with their average diameter is presumed as a bonding area. In the figure, the bonding strength calculated by the packing state and the fracture surface is illustrated as white and black bars, respectively. For comparison, the joint without the powder interlayer is also prepared. This specimen is produced at 1273 K for 0.6 ks under 1.2 kN (¼ 61 MPa), and its bonding strength is expressed as 'Non-insert' in the figure. Although the joints with and without the interlayer differ in applied load on bonding treatment due to the limitation of experimental apparatus, the bonding strength increases quite significantly by the use of the M powder.
Since the M powder is deformed sufficiently by compression with 50 MPa at 1273 K, 3) it is assumed that the joint with the powder interlayer demonstrates the same tendency as the present results even if the applied load is smaller. As expected by Fig. 4 , the joint with Ti-40 mol%Al powders has higher strength than the joint with Ti-45 mol%Al powders. This suggests that the bonding strength depends on the deformation behavior of the M powder. On the other hand, the microstructural aspects close to the interface in the joint after shear test were examined by optical microscopy. The propagation of cracks was confirmed not only at the bonding interface but also in the powder interlayer and the TiAl disk. This also indicates that the substantial bond is achieved between the powder interlayer and the TiAl disk due to superplasticity-like deformation of the M powder at elevated temperatures.
The interlayer consisting of the M powders easily enhances the adhesion at the interface by its excellent deformability. In summary, M powder is recommended as interlayer material in the bonding technique of TiAl intermetallic compound.
Conclusions
The application of PREP Ti-rich TiAl powders to bond of TiAl intermetallic compound is proposed from the practical viewpoint of material processing. The main conclusions are summarized as follows.
(1) By hot pressing, M powder is deformed from spherical shape to thin disk without any cracks and shows over 100% deformation at 1273 K, while D powder is broken under same condition. (2) The deformation of the M powder increases with increasing holding temperature and applied load. Furthermore, the deformability of the M powder of Ti-40 mol%Al alloy is superior to that of Ti-45 mol%Al alloy. It is considered that these tendencies are relative to the phase decomposition process in the M powder at elevated temperatures. (3) The TiAl/TiAl joint with the M powders as an interlayer can be fabricated at 1273 K for 0.6 ks under 1.9 kN using vacuum hot pressing apparatus. The resulting joint has higher bonding strength than the specimen without the powder interlayer. The excellent deformation behavior of the M powder is concluded to have a beneficial effect on the improvement of bondability of TiAl intermetallic compound.
